ABSTRACT. The first complexes containing imidazolium-2-amidinates as ligands (betaine- 
INTRODUCTION
Amidinates are an important class of ligands, characterized by the proximity of two potentially binding and electronically conjugated nitrogen atoms.
1 They can be seen as the nitrogen analogues of carboxylates, accordingly they share in common with these many aspects of their rich coordination chemistry. For example, carboxylates and amidinates usually coordinate in the monodentate (A), bidentate (B) or bridge (C) modes, shown in the upper part of A significant difference between carboxylates and their nitrogen analogues is the presence of additional organic substituents (R') on the terminal N donor atoms of the latter, that allow for a more precise tuning of steric and electronic properties. This has prompted for the intensive application of amidinates and guanidinates in homogeneous catalysis, particularly in olefin polymerization, 4 and spurred the development of their coordination chemistry. The design of new catalyst architectures based on amidinate ligands has often been guided by analogies.
Thus, when considering early transition or f-block elements, amidinates are regarded as "steric equivalents" of the ubiquitous cyclopentadienyl ligands. 1a,5 Although this concept loses usefulness on moving to catalysts based on late transition elements, whose design is often inspired by the highly successful Ni and Pd α-diimine complexes, analogy reasoning remains useful since both α-diimine and amidinate chelates 5, 6 are built on trigonal sp 2 nitrogen centers that can be similarly substituted with bulky organic groups, such as 2,6-dialkylaryls. The main difference between the α-diimine and amidinate families of ligands is the electric charge, which Simultaneously, we showed that the adduct ICyCDI pTol acts as a stabilizing ligand for Ru nanoparticles, allowing control over their size and selectivity in styrene hydrogenation. 12 We believe that these betaines bind adjacent metal centers on the surface of the nanoparticles (coordination type C in Figure 1 ). Furthermore, we expected that, analogously to amidinate ligands, NHC-CDI betaines could also coordinate in the terminal (A) or bidentate (B) modes, and that their binding preferences could be controlled through the steric and electronic properties of their substituents. Surprisingly enough, no complexes of carbene-carbodiimide betaines with either transition or main group metals appear to have been ever described so far. As a preliminary step before pursuing the development of transition metal-based catalysts for olefin polymerization based on NHC-CDI adducts, or other catalytic reactions, we decided to explore their coordination to a diamagnetic Cu(I) center. Herein we report the results of this study. 
RESULTS AND DISCUSSION
As shown in Scheme 1, the present work focuses on three NHC-CDI adducts that are combinations of imidazolium-based heterocyclic carbenes (NHC's) containing either cyclohexyl (ICy) or methyl (IMe) substituents at the nitrogen atoms, with di-p-tolyl or di-2,6-diisopropylphenylcarbodiimide (CDI pTol or CDI DiPP , respectively). The heterocyclic carbenes were generated in THF solution by deprotonation of the corresponding imidazolium salts with ) shows that the lowest energy band corresponds to an electronic transition from the HOMO, a π-orbital centered mainly on the anionic amidinate group, to the LUMO, which pertains mainly to the cationic heterocyclic fragment. The energy of this transition is lowered because the HOMO is destabilized by a non-bonding interaction with filled π orbitals of the aryl substituents. The color-responsible absorption is most intense in the bright yellow derivative ICyCDI pTol , but neither this nor ICyCDI DiPP or IMeCDI DiPP exhibit fluorescence, as reported by Johnson for betaines carrying aryl substituents in all four nitrogen atoms. 11 The IR spectra of our three betaines display a medium intensity band at ca. 1600 cm -1 and a complex superposition of intense bands in the 1550 -1510 cm -1 region. DFT analysis of a simplified molecular model suggests that the former absorption corresponds to the asymmetric NCN stretch of the terminal "amidinate" fragment, and the latter arise from a combination of C=N stretchs (either from the amidinate and the imidazolium units) and C-H flexion modes.
Scheme 1.
The solution NMR spectra of the betaines are relatively simple, for both imidazolium (R) 14 However, we never observed simultaneous acetate/betaine coordination in our complexes. Scheme 2 summarizes the reactivity of Cu(I) acetate with these betaine-type ligands.
The different products were fully characterized by NMR ( 1 H, 13 C and a range of binuclear homoand heterocorrelation spectra) IR, UV-VIS and elemental analysis, and their X-ray structures were determined in all cases. Their crystal structures are shown in Figure 4 , and selected bond lengths and angles are listed in Table 2 . Table 2 .
The NMR signals of the betaine ligands are easily recognized and have been precisely assigned with the aid of full range of 2D homo-(COSY, NOESY) and heterocorrelation (HSQC, HMBC) spectra. In contrast, those of the acetate are very broad and hardly identifiable (in special in the 13 C{ 1 H} spectrum), presumably because in both 1a and 1b this ligand undergoes intermolecular exchange. The room temperature NMR spectra of 1a and 1b in CD 2 Cl 2 suggest that the monodentate coordination of the amidinate ligands is maintained in solution, at least in non-coordinating solvents (the 1 H spectrum of 1a is shown in the SI, see Figure S7 ). This is readily deduced from the fact that they display single sets of signals for the imidazolium H and R substituents (R = Cy and Me in 1a and 1b, respectively), but two sets of signals for the aryl substituents of the amidinate, indicating that these become non-equivalent. For both 1a and 1b, the signals of one of the DiPP groups appear perfectly sharp, but those of the other are very broad, particularly in the 1 H spectra which shows the diastereotopic iPr methyl signals close to the coalescence (1a) or already forming a single broad hump (1b). This selective line broadening indicates that the DiPP group responsible for the broad signals is undergoing restricted rotation on the NMR timescale, whereas the other is fixed in its position, presumably due to the steric bulk of the coordinated Cu(OAc) fragment. Monodimensional spectra provide no evidences of any further dynamic effects, but phase-sensitive 2D NOESY/EXSY for both 1a and 1b clearly shows exchange cross-peaks linking the signals of the two types of DiPP groups, implying that the Cu(OAc) fragment is actually jumping from one amidinate nitrogen atom to the other. In the case of 1a this movement must involve simultaneous cis/trans isomerization of the C-N bonds because the exchange of the Cu atom does not lead to the appearance of any isomeric forms of the complex. However, both the 1 H and the 13 C{ 1 H} spectra of 1b show the presence of a minor species that is invariably in ca. 1:6 intensity ratio with regard to the main complex. This is presumably a geometric isomer resulting from the migration of the Cu atom to the nitrogen atom of the cisoid C-N bond. The observation of two independent DiPP sets also in this minor isomer is consistent with this assignment, as it indicates that the increased steric crowding hinders the rotation of not just one but both DiPP rings.
In contrast with the well-defined and informative NMR spectra of compounds 1a and 1b, those of the orange product 2·OAc, isolated from the reaction of CuOAc with ICyCDI p-Tol , show very broad lines at the room temperature. However, the 1 H spectrum shows two readily recognizable signals in 3:1 intensity ratio, one at δ 2.23 ppm for the tolyl p-Me group and the other at δ 4.39 ppm for the 1-CH of the Cy groups, which suggest a symmetrical structure. The X-ray structure of this compound (see SI, Figure S4) peaks. The dication is probably destabilized in the gas phase due to the intramolecular coulombic repulsions, but optimum conditions for its observation were developed using different solvents.
Best conditions for the observation of this signal were found using relatively non-coordinating dichloromethane or anisole as solvents.
Two types of crystals of 2·BPh 4 were grown using different methods. Cooling a saturated solution in a dichloromethane-toluene mixture in the freezer (-20 ºC) afforded solvent-free crystals, whereas layering a dichloromethane solution with toluene at room temperature produced a mixed solvate containing three molecules of toluene and five of dichloromethane per unit cell. The structural data from both structures are fully consistent (for details see Figure S5 and Table S2 in the SI) but the latter produced a slightly better quality X-ray structure, therefore the discussion will be referred to this dataset. An ORTEP view of the binuclear dication in 2·BPh 4 is shown in Figure 5 . This is essentially the same found in 2·OAc, with minimal differences of no chemical significance. As mentioned before, three betaine units act as bridging ligands between both Cu centers. The lengths of Cu-N bonds ligand termed "C" are nominally longer than those of ligands "A" and "B". The difference, although statistically significant, is very minor and is not observed in the solvent-free structure of 2·BPh 4 , nor in the cationic fragment of 2·OAc, therefore it can be safely neglected. However the length of Cu-N bonds in Figure 6 shows a comparison of the 1 H NMR spectra of both compounds with that of the free ICyCDI p-Tol ligand. As can be seen, the sharp and well-defined signals in the spectrum of 2·BPh 4 contrast with the broad spectrum of 2·OAc. In agreement with the high symmetry of the dicationic unit, both complexes give rise to a single set of signals for the betaine ligand, but their positions are quite different. For example, the resonance of the cyclohexyl 1-methyne signal (marked B in Figure 6 ) in 2·OAc is 4.39 ppm, which is definitely closer to that of the free ligand (4.57 ppm) than to the analogous resonance in 2·BPh 4 , 3.59 ppm. In general, the signals of 2·BPh 4 exhibit stronger shifts relative to those of the free ligand than those of 2·OAc. Noteworthy, the chemical shifts of the cyclohexyl or the imidazolium signals in the spectrum of 2·OAc resemble more those observed in the spectrum of mononuclear 1a (see Figure S7 in the SI), in which the ICyCDI DiPP ligand coordinates in terminal mode, than to those of 2·BPh 4 . This suggests that the broad appearance of the NMR spectra of 2·OAc could be due to the dynamic shift of the betaine ligand between the bridging and the The UV-Vis spectra of both types of Cu(I) complexes, 1 and 2, are monotonous curves with λ max < 200 nm tailing into the visible region, doubtless due to the overlapping of a number of individual bands, as previously mentioned for the free ligands. However, the extinction in the visible region below 400 nm is considerably higher for 2·OAc and 2·BPh 4 , the spectrum of the latter showing two shoulders whose frequencies (ca. 310 nm, ε ≈ 6000, and 370 nm, ε ≈ 3000 mol -1 l cm -1 ) are similar to those in the aforementioned diphosphine-bridged complexes.
Next, we carried out the reaction of IMeCDI DiPP with CuOAc in the presence NaBPh 4 , reasoning that the removal of the acetate ligand would enable the bulky betaine to act as a bridge, giving rise to a binuclear product analogous to 2·BPh 4 . When we carried out the reaction in either 1:1:1 or 2:3:2 CuOAc/ligand/NaBPh 4 ratio, yellow-orange materials were obtained whose NMR spectra indicated the formation of a mixture containing two main species. However, upon recrystallization from a CH 2 Cl 2 /hexane mixture, pale yellow crystals containing a single product, 3b, were obtained. The X-ray diffraction structure of this compound, shown in Figure 7 shows a mononuclear CuL 2 + cation with two terminally bound betaine ligands. Main bond lengths and angles for this compound are collected in Table 2 , where they can be compared with those of 1a and 1b. Although not affected by the crystal symmetry, each molecule has an effective center of symmetry in the Cu atom, therefore the configuration and metric parameters of both ligands are virtually the same. These are almost coplanar (the dihedral angle formed by the symmetrical C CDI (N c )(N t )(C imz ) units is 24.8º). In spite of the cationic character of 3b, its Cu-N bond distances are nearly identical to those of the neutral 1b (1.855 and 1.850 Å, respectively). Other internal measurements are also very nearly the same in both compounds. Figure 6 . ORTEP view (50 % probability ellipsoids) of compound 3b. For selected bond distances and angles, see Table 2 . (4) C CDI -C imz 1.503(3) 1.4493(18) 1.503 (4) C imz -N 1imz 1.347(3) 1.3363(19) 1.334 (4) C imz -N 2im 1.344(3) 1.3470(16) 1.340 (4) O 2Ac -C Ac 1.277(4) 1.2555 (17) O 1Ac -C Ac 1.228 (4) 1.2077(18)
178.97(10) 171.24(5) 175.67 (11) N c -C CDI -N t 122.9(2) 123.11 (12) 
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Scheme 3
The reaction shown in Scheme 3 is analogous to the decarboxylation of 2-imidazoliumcarboxylates in the coordination sphere of metals, a facile process that is often used as a mild and effective route to heterocyclic carbene complexes. [8] [9] The ready decomposition of 3b may suggest that similar carbodiimide elimination could also take place from other copper NHC-CDI complexes. Indeed 
